In this paper, a resistive random access memory (RRAM) device using a field-enhanced elevated-film-stack (EFS) structure with a 15-nm-thick HfO x dielectric layer was fabricated and measured to achieve a forming voltage (V Forming ) of 2.04 V, set voltage (V Set ) of 0.95 V, and reset voltage (V Reset ) of −1.22 V, compared to the values of 2.73 V, 1.26 V, and −1.54 V for the planar one with 6-nm-thick HfO x , respectively. These resistive switching characteristics were effectively reduced, and the uniformity of these characteristics from device to device were considerably improved. The improvements of such an EFS-structured RRAM device were attributed to the high local electric fields at the two sharp corners of the EFS structure, which facilitated the formation of conductive filaments, and the distribution of the electric field was verified by technology computer-aided design simulations.
I. INTRODUCTION
In recent years, resistive random access memory (RRAM) devices have attracted increasing attention and are considered a future potential alternative as next-generation nonvolatile memories, owing to their fast write and read access, low power consumption, high-density integration, and CMOS process compatibility [1] - [3] . The valence-changetype RRAMs fabricated with transition metal oxides (TMOs), such as TiO x [4] , HfO x [5] , and TaO x [6] , as resistive switching layers (RSLs) are referred to as oxide-based resistive random access memories (OxRRAMs) [7] . For OxRRAMs, the formation (set) and the rupture (reset) of conductive filaments (CFs) due to a reduction-oxidation (redox) process of the RSLs will lead to the low-resistance state (LRS) as logic "1" and high-resistance state (HRS) as logic "0" [8] - [9] , respectively. On the other hand, RRAM devices with a cross-point elevated-film-stack (EFS) structure, in which top electrodes (TEs) and bottom electrodes (BEs) are perpendicular to each other, provide good array efficiency and a small effective cell size of 4F 2 , where F is the minimum feature size, which will facilitate high-density integration. Moreover, there are two sharp corners of the EFS structure, which provide sites for the production of high local electric fields. According to [1] and [10] - [13] , positively charged oxygen vacancies will be driven by the external electric field, and it will facilitate the formation of CFs. Therefore, it is conjectured that the CFs tend to be formed at the corners initially during the forming process and then the random growth of CFs will be suppressed.
In this paper, a RRAM device in a stack of TiN/Ti/HfO x /TiN with a field-enhanced EFS structure is proposed to exhibit better resistive switching characteristics and improved uniformity from device to device. Transmission electron microscopy (TEM) analysis and technology computer-aided design (TCAD) simulations are conducted to investigate the cause of the improvements with such stack layers.
II. DEVICE FABRICATION
Initially, six-inch p-type (100)-oriented crystalline silicon wafers with a 1-µm-thick thermal oxide deposited by lowpressure chemical vapor deposition (LPCVD) were used as substrates. Then, a 50-nm-thick Si 3 N 4 was also deposited by LPCVD to prevent oxygen diffusion from SiO 2 [14] . After a standard RCA cleaning process, a 150-nm-thick TiN layer was deposited by radio frequency (RF) sputtering and patterned to act as the BE of the RRAM device. Next, a 15-nm-thick HfO x TMO layer was deposited by metal organic chemical vapor deposition (MOCVD) to act as a RSL considering the sidewall step coverage issue of the EFS structure. Because the high oxygen affinity of the Ti metal, it will scavenge oxygen from HfO x [15] . As a result, the number of oxygen vacancies in HfO x will be increased and better resistive switching characteristics can be achieved. Therefore, the deposition of a 10-nm-thick Ti interposing layer by RF sputtering was adopted. Finally, a 100-nmthick TiN layer was also deposited by RF sputtering to act as the TE for the RRAM device. Then, lithography and dry etching were conducted to complete the fabrication of the proposed RRAM device. For comparison, conventional planar-structured RRAM devices with flat electrodes were also fabricated using almost the same device area as the EFS-structured one, as resistive switching characteristics are dependent on the cell size [16] , [17] . Fig. 1(a) shows a schematic 3-D diagram of the proposed EFS-structured RRAM device composed of TiN TE/Ti/HfO x /TiN BE stacks. Fig. 1(b) shows the schematic cross-sectional illustration of the proposed structure along the A-A' direction in Fig. 1(a) . As seen, the RRAM device is composed of one plane, two sharp corners, and two sidewalls. MOCVD, instead of physical vapor deposition (PVD), was adopted to deposit HfO x conformally due to the step coverage issue of these two sidewalls. As shown in Fig. 1(b) , the effective device area can be calculated as (0.15 µm + 1 µm + 0.15 µm) * 0.5 µm = 0.65 µm 2 . Fig. 1(c) shows the cross-sectional TEM image of the proposed device, displaying the morphology of the stack layers. The RSL, HfO x , was uniformly deposited along the structure via MOCVD. Nevertheless, the thickness of HfO x on the sidewalls was 13 nm, which was thinner than 15 nm on the plane due to the relative difficulty of depositing thin films on the vertical structure. For comparison, the conventional planar-structured RRAM device with the device area of 0.64 µm 2 was prepared and investigated. It is worth noting that due to the defective HfO x and the high local electric field at the corner of the EFS-structured RRAM device, the pristine resistance states were varied dramatically for two different devices under the same HfO x thickness. Therefore, to ensure subsequent resistive switching behaviors and to fairly compare experimental results with the same current compliance (I Comp ), HfO x thickness of 6 nm instead of 15 nm was adopted for the planar-structured device. Fig. 2 shows the typical DC sweep I-V curves of the RRAM devices with different structures and HfO x thicknesses. Fig. 2(a) shows the data for the conventional planarstructured RRAM device with 6-nm-thick HfO x . In addition, Fig. 2(b) corresponds to the proposed EFS-structured RRAM device with 15-nm-thick HfO x . Both devices showed bipolar switching and over 1 order of magnitude on/off resistance ratio. And all the characteristics of the RRAM devices are listed in Table 1 . The results indicate that the proposed device possessed lower forming voltage (V Forming ), set voltage (V Set ), and reset voltage (V Reset ) compared to the planar one. Therefore, it is conjectured that the formation of CFs is supposed to locate at these two sharp corners rather than at the sidewalls with 13-nm-thick HfO x according to Fig. 1(c) . To further understand the lower pristine resistance state and the reduced operation voltages of the proposed EFSstructured RRAM device compared with the conventional VOLUME 6, 2018 623 planar-structured one, Fig. 3 indicates the electric-field distributions simulated by a TCAD simulator based on the respective forming voltages. The simulated maximum electric fields (breakdown fields) based on the forming voltages (breakdown voltages) of the planar-structured RRAM device with 6-nm-thick HfO x and the EFS-structured RRAM device with 15-nm-thick HfO x were 4.55 MV/cm and 3.48 MV/cm, respectively. The simulated result of the planar-structured RRAM device was consistent with the previous literature, which reported that the critical field needed to break Hf-O bonds was 4∼5 MV/cm [18] . Furthermore, the breakdown field of 3.48 MV/cm for the EFS-structured RRAM device indicated that the HfO x at the corner of the EFS structure was more defective than the HfO x of the planar structure. This phenomenon was attributed to the intrinsic stress in HfO x at the corner [19] - [20] and the large curvature, which meant the large roughness of the substrate surface, of the corner [21] . And these two factors would result in the higher density of defects there. On the other hand, it had been reported that oxygen vacancies would be produced by the external electric field [4] , [22] . Furthermore, when the same operation voltage was applied, the electric field at the corner of the EFS structure would be larger than the one of the planar structure because of the fringing effect. Therefore, this high local electric field at the corner could further improve the formation of oxygen vacancies. In addition, according to the Mott and Gurney model for ionic transport, the ionic hopping current density (J) in the RSL driven by the electric field can be described as follows [1] , [11] - [12] 
III. RESULTS AND DISCUSSION
where q is the charge, Z is the number of charged ions, N i is the concentration of oxygen vacancies in the RSL, a is the effective hopping distance of the cations, f is the attempt-to-escape frequency, E a is the activation energy, E is the electric field, and kT is the thermal energy. According to the formula (1), the high local electric field would also enhance the ionic current density.
Based on the defective HfO x at the corner of the EFS structure and the effects of the high local electric field mentioned above, the pristine resistance state of the proposed RRAM device could be lowered and the operation voltages could be reduced. On the other hand, as for the EFSstructured device, because the electric field was higher at the corner than other regions, it was conjectured that the CFs tended to be formed there initially during the forming process. Then, the random growth of CFs could be suppressed. As a result, better uniformity of the operation voltages from device to device of the proposed RRAM devices can be predicted. To further realize the reliability of the proposed RRAM device, the cycling endurance characteristics of the device under pulse mode is shown in Fig. 4(a) . Set and reset voltage pulses are (1.3 V, 200 ns) and (-1.9 V, 400 ns), respectively. It can be found that the device can operate for 10 6 resistive switching cycles with a 1x resistance ratio of HRS/LRS. Fig. 4(b) shows the retention properties of the device with a read voltage (V Read ) of 0.2 V at 125 • C baking temperature, and the device showed good data retention capability with stable HRS and LRS. and R LRS . And Fig. 5(b) shows the uniformity of V Forming , V Set , and V Reset of the conventional planar-structured RRAM devices and the EFS-structured RRAM devices based on the DC sweep statistical data of 20 devices. The proposed RRAM devices not only exhibited lower resistive switching characteristics but also achieved better uniformity of these characteristics from device to device due to the high local electric field facilitating the control of the formation of CFs.
IV. CONCLUSION
A RRAM device in a stack of TiN/Ti/HfO x /TiN with a fieldenhanced EFS structure was proposed and investigated, and TCAD simulation was conducted to observe the electric-field distributions. This device exhibited good endurance, nonvolatility characteristics, and cycle-to-cycle variation with tight distributions of both R HRS and R LRS . Additionally, it showed improved resistive switching characteristics, including reduced operation voltages (V Forming of 2.04 V, V Set of 0.95 V, and V Reset of -1.22 V) and better device-to-device uniformity compared with the conventional planar-structured one. The improvements were attributed to the enhanced high local electric fields at the corners of the EFS structure, and the formation of CFs was supposed to locate at the corners initially during the forming process. This EFS-structure with enhanced high local electric field will relieve the uniformity issues of various filament-type RRAM devices.
